Cellular senescence is a state of irreversible growth arrest induced either by telomere shortening (replicative senescence) or by telomere-independent signals (stress-induced senescence). The alveolar epithelium is often injured by a variety of inhaled toxins, including cigarette smoke (CS). In the present study, we investigated whether exposure to CS induces senescence of alveolar epithelial cells. In vitro experiments showed that exposure of A549 cells or normal human alveolar epithelial cells to sublethal concentrations of aqueous CS extracts induced cellular senescence. The senescence was characterized by a dose-and time-dependent increase in senescence-associated ␤-galactosidase activity, senescence-associated changes in cell morphology, an increase in cell size and lysosomal mass, accumulation of lipofuscin, overexpression of p21 CIP1/WAF1/Sdi1 protein, and irreversible growth arrest. In vivo experiments in Institute for Cancer Research mice showed that inhalation of CS for 2 wk induced increases in senescence-associated ␤-galactosidase activity, lipofuscin accumulation, and p21 CIP1/WAF1/Sdi1 protein expression in alveolar epithelial cells. These results suggest that CS induces a phenotype that is indistinguishable from that of senescence in alveolar epithelial cells. The induction of cellular senescence by CS may contribute to impaired re-epithelialization, leading to CS-related chronic lung diseases.
Epithelial injury and regeneration are thought to occur continually in such diseases, and the repeated cell cycles of the epithelial cells at the site of injury may shorten the length of telomeres, thereby potentially inducing replicative senescence. Inhaled toxins also generate oxidative stress and DNA damage in epithelial cells, which may cause stress-induced senescence. Once epithelial cells reach the senescence stage, they can no longer proliferate. The repair responses by alveolar epithelial cells may cease as a result, and the cessation of the repair responses may in turn result in architectural and functional disruptions in the alveolar epithelium that may allow lung diseases to progress.
Cigarette smoking is the most important risk factor for pulmonary emphysema and fibrosis. In fact, cigarette smoking is thought to be the cause of recurrent epithelial injury and impaired repair. For example, previous studies have shown that CS causes death of alveolar epithelial cells (9, 10) , and that CS inhibits epithelial repair responses, such as chemotaxis, proliferation, and contraction of three-dimensional collagen gels (11, 12) . We hypothesized that CS also induces senescence of alveolar epithelial cells and prevents their proliferating to repair injured epithelium. In the present study, we therefore investigated whether CS induces the senescence phenotypes of alveolar epithelial cells in vitro and in vivo.
Materials and Methods

Animal Treatment and CS Exposure
All exposure and handling of mice was approved by the Institutional Animal Care and Use Committee at the animal facility of Tokyo Women's Medical University. Eight-week-old male Institute for Cancer Research (ICR) mice (n ϭ 6) were purchased from Japan SLC, Inc. (Shizuoka, Japan). For the experiments, three mice were placed in a vented plastic cage (27 ϫ 27 ϫ 18 cm) with a narrow orifice connected with a stopcock through which CS was delivered. Commercial plain-tipped (nonfiltered) cigarettes (Peace; Japan Tobacco Inc., Tokyo, Japan) yielding 24 mg tar and 2.4 mg nicotine under a standard smoking regimen were used in this study. For CS exposure, mainstream smoke puffs from 3 cigarettes (45 puffs/cigarette; 20 ml/puff; 1 s duration/puff in 10 s intervals) were delivered over 1 h with 1-min intervals at the end of every 20 min to refresh the air. The CS was allowed to escape through four exhaust holes (1 cm) on the side panels. During exposure, the animals were given access to water and food ad libitum in the exposure cage. After the exposure periods, the cage was refilled with room air. Control mice (n ϭ 3) were placed in the cage and allowed to inhale room air. CS exposure was repeated daily on Days 1-5 each week for 2 consecutive weeks. At 6 h after the final CS exposure, mice were killed by intraperitoneal injection of pentobarbital (100 mg/kg), and the lungs were removed. The right lung was used for immunoblot analysis, and the left lung was inflated by manual instillation with 50% optimal cutting temperature compound, quickly frozen, and sectioned (3 m).
Preparation of CS Extract Solution
The aqueous CS extract (CSE) was prepared according to a previously described method with a modification (13) . Mainstream smoke was generated with one cigarette (Peace; Japan Tobacco Inc.) immediately before use by drawing consecutive puffs into a 20-ml plastic syringe with a stopcock connected through one port to a glass vessel containing 3 ml of dimethyl sulfoxide. A 20-ml puff drawn in 1 s was obtained at 10 s intervals. Each puff was held for 3 s and bubbled through the dimethyl sulfoxide in 5 s. One cigarette yielded an average of 45 puffs by this procedure. To prepare gas-phase CSE, the smoke was drawn into the syringe through a 0.22 m pore-size filter (Milex-HA; Nihon Milipore, Ltd., Tokyo, Japan) rated to remove the particle phase of CS. The aqueous CSE was diluted in culture medium before use, and the CSE solution was prepared by the same person (T.T.) by exactly the same method and used within 3 min of preparation.
Cell Culture and In Vitro CS Exposure
Alveolar type II-like epithelial cell line A549 (American Type Culture Collection #CCL-185) was maintained in Dulbecco's modified Eagle's medium containing 10% fetal calf serum (FCS). The cells (10 4 cells/cm 2 ) between passages 27 and 35 were plated onto 8-well chamber slides or 100-mm tissue culture plates precoated with type I collagen (Vitrogen; Cohesion Technologies, Palo Alto, CA) and grown in the above medium. Once the cells reached 50% confluence, they were rinsed three times with phosphate-buffered saline (PBS) and incubated in Dulbecco's modified Eagle's medium containing 0.1% FCS with or without 0.0500-0.0001 volume % of aqueous CSE, in the presence or absence of N-acetylcysteine (NAC, 500 M; Sigma-Aldrich Japan, Tokyo, Japan), ascorbic acid (500 M, Sigma-Aldrich Japan), or catalase (500 U/ml, SigmaAldrich Japan).
Normal human pulmonary alveolar epithelial (HPAEpi) cells comprised of alveolar type I and type II cells were obtained from ScienCell Research Laboratories (San Diego, CA). HPAEpi cells are isolated from human lung tissue and cryoserved at primary culture and delivered frozen. Before the experiments, the cells were thawed, plated at a density of 10 4 cells/cm 2 onto 8-well chamber slides precoated with type I collagen, and grown in the alveolar epithelial cell medium (ScienCell Research Laboratories) containing 5% FCS. Once the cells (passage 1) had reached 50% confluence, they were incubated in alveolar epithelial cell medium containing 0.1% FCS, with or without aqueous CSE.
Analysis for Cell Proliferation and Death
A549 cells or HPAEpi cells in 8-well chamber slides were incubated for 36 h with medium containing 0.1% FCS with or without CSE. After 24 h, the cells were pulse-labeled with 10 M of bromodeoxyuridine (BrdU) for 1 h, and cells that had incorporated BrdU were detected immunocytochemically, as described below. For analysis of cell death, cells were stained with 5 g/ml Hoescht33342 (Sigma-Aldrich Japan) and 5 g/ml propidium iodide (Sigma-Aldrich Japan) and visualized by epifluorescence microscopy. Viable (normal, blue nuclei), apoptotic (condensed, blue nuclei), and necrotic (normal, red nuclei) cells were counted.
SA ␤-gal Staining
SA ␤-gal staining was performed according to a previously described method (14) , with slight modifications. Cell samples in 8-well chamber slides were fixed with 2% formaldehyde and 0.2% glutaraldehyde in PBS for 5 min at room temperature. Frozen lung tissue sections were fixed with 0.2% glutaraldehyde in PBS for 5 h at 4ЊC. The slides were rinsed with PBS and incubated with an SA ␤-gal staining solution containing 40 mM sodium citrate (pH 6.0), 150 mM NaCl, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM MgCl 2 , and 1 mg/ml of 5-bromo-4-chloro-3-indoyl ␤-D galactoside (X-gal). After SA ␤-gal staining, some slides were processed for immunostaining.
Schmorl Reaction
Lipofuscin was stained with the Schmorl reaction (15) . Tissue sections were fixed with 3% paraformaldehyde in PBS for 10 min at room temperature, rinsed in PBS, and incubated for 5 min at room temperature in a solution containing 0.75% ferric chloride and 0.1% potassium ferricyanide. Some sections were then processed for immunostaining.
Immunohistochemistry and Immunocytochemistry
Tissue sections stained for SA ␤-gal were incubated with 0.3% hydrogen peroxide for 10 min at room temperature to inhibit endogenous peroxidase activity before blocking the nonspecific binding sites with 3% bovine serum albumin (BSA) and 2% normal goat serum. The sections were then incubated at room temperature with rabbit polyclonal antisurfactant protein (SP)-A (1:100; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) for 1 h. The primary antibody was reacted with biotinylated anti-rabbit immunoglobulin (Ig) G conjugated with horseradish peroxidase (HRP)-labeled polymer (EnVisonϩ peroxidase; DAKO Japan, Kyoto, Japan). Immunoreactants were visualized with 3,3Ј-diaminobenzidine (DAB) and counterstained with nuclear fast red solution.
Tissue sections stained for lipofuscin with the Schmorl reaction were incubated with 3% BSA and 2% normal goat serum. The sections were then incubated at room temperature with rabbit polyclonal anti-SP-A (1:100; Santa Cruz Biotechnology, Inc.) for 1 h. The primary antibody was reacted with biotinylated anti-rabbit IgG conjugated with alkaline phosphatase-labeled polymer (EnVisonϩ alkaline phosphatase; DAKO Japan). Immunoreactants were visualized with the chromogen fast red/naphtol phosphate.
For double-staining for SP-A and p21 CIP1/WAF1/Sdi1 , tissue sections were first stained with anti-SP-A and then incubated with biotinylated antirabbit IgG conjugated with alkaline phosphatase-labeled polymer (EnVisonϩ alkaline phosphatase) and NBT/BCIP. The immunoreactants were removed by immersing the slides in a 0.1 M glycine buffer solution (pH 2.2). Next, the slides were stained with rabbit polyclonal anti-P21 CIP1/WAF1/Sdi1 (1:100; Santa Cruz Biotechnology, Inc.) and incubated with biotinylated anti-rabbit IgG conjugated with HRP-labeled polymer (EnVisonϩ peroxidase; DAKO Japan) and a DAB solution. We found that replacement of the primary antibodies with the same concentration of control IgG showed no positive staining.
Tissue sections double-stained for SA ␤-gal activity and SP-A antigen, for lipofuscin and SP-A, or for p21 CIP1/WAF1/Sdi1 and SP-A antigens were assessed semiquantitatively. For immunocytochemistry, cell samples in 8-well chamber slides were incubated with 0.3% H 2 O 2 for 5 min and then incubated with 3% BSA in PBS for 30 min. The slides were reacted with anti-SP-A or anti-p21 CIP1/WAF1/Sdi1 followed by the secondary antibody, as described above. Immunoreactants were visualized by a DAB reaction. For immunostaining with anti-BrdU, the slides were pretreated with 3 N HCl for 30 min, neutralized with 0.1 M borax buffer, pH 8.5, for 10 min, and then reacted with anti-BrdU antibody (1:100; Chemicon International, Temecula, CA).
Immunoblot Analysis
Cell lysates were solubilized in RIPA buffer (0.15 M NaCl, 50 mM Tris-Cl, pH 7.4, 0.5% NP40, and 0.1% sodium dodecyl sulfate) containing 10 g/ml and 1 mM sodium vanadate. The samples were then fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis, transferred to a polyvinylidene difluoride membrane, and probed with mouse monoclonal anti-p21 antibody (1:400; Santa Cruz Biotechnology, Inc.) or rabbit polyclonal anti-actin (1:2500; Sigma-Aldrich Japan). The primary antibodies were detected with an HRP-conjugated antibody, which in turn was visualized by enhanced chemiluminescence (SuperSignal; Pierce, Rockford, IL).
Lysosomal Mass Analysis
Morphologic examination of the lysosomal mass was performed as previously described (16) . Briefly, cells in 8-well chamber slides were incubated with 5 g/ml of acridine orange (Sigma-Aldrich) for 10 min. After washing with PBS, the coverslips were mounted on slides and viewed immediately under an Olympus BX60 microscope with an Olympus longpass filter set comprised of a bandpass 450-490 nm exciter, a 510 nm dichroic mirror, and a long pass 520 nm emitter (Olympus, Tokyo, Japan).
Statistical Analysis
All data are expressed as means Ϯ SEM. Differences were tested for significance by an analysis of variance and Scheffe's test, or by a twotailed, unpaired Student t test, as appropriate. All calculations were Figure 2 . Quantitative analyses of SA ␤-gal activity in A549 cells exposed to CSE. A549 cells were or were not exposed to various concentrations of CSE for 36 h (A and C ), or exposed (closed circles) or not exposed (open circles) to 0.01 vol/vol% of CSE for various time periods (B). *P Ͻ 0.05 and **P Ͻ 0.01 versus cells not exposed to CSE. All data are means Ϯ SEM of the results for four samples. performed using StatView 1.0 for Macintosh (Abacus Concepts, Inc., Berkeley, CA).
Results
Exposure to Aqueous CSE Induces Cellular Senescence in A549 Cells and Normal Human Alveolar Epithelial Cells
To determine whether exposure to CS induces cellular senescence in alveolar epithelial cells, we first exposed alveolar type IIlike epithelial (A549) cells to aqueous CSE. Because trypan blue staining showed that CSE solution at 0.1 vol/vol% or higher caused the death of more than 20% of the A549 cells, we exposed the cells with CSE to sublethal concentrations of 0.05 vol/vol% or lower. Evaluation of cell death by staining with Hoechst33342 and propidium iodide and fluorescence microscopy demonstrated that most of the cell death induced by CSE at 0.1 vol/ vol% and higher was necrosis, as recently reported (17) 
When the A549 cells were exposed to CSE at 0.01 vol/vol% for 36 h, they exhibited a phenotype that is typical of cellular senescence (i.e., an increase in SA ␤-gal activity) ( Figure 1B ), a distinct, flat, and enlarged morphology ( Figure 1D ), and an increase in lysosomal mass ( Figure 1F ) (1, 14, 16) . When A549 cells were exposed to 0.01 vol/vol% of CSE solution before growth stimulation with 10% FCS, cellular uptake of BrdU was reduced to half the uptake by the control cells, suggesting that irreversible growth arrest had occurred ( Figure 1G ). When cells were exposed to CSE at 0.01 vol/vol% for 36 h, washed with PBS, and then stimulated with 10% FCS for a long period of time (i.e., 5 d), a reduction of BrdU uptake was still observed (28.1 Ϯ 2.7% of BrdU uptake by control cells; n ϭ samples), confirming the irreversibility of CSE-induced growth arrest. Quantitative analyses for cellular senescence showed that exposure of A549 cells to CSE caused a dose-dependent and timedependent increase in SA ␤-gal activity (Figures 2A and 2B) , with ‫ف‬ 60% of the A549 cells expressing SA ␤-gal activity after exposure to 0.05 vol/vol% of CSE solution for 36 h.
Exposure of A549 cells to CSE also increased the total number of cells expressing SA ␤-gal ( Figure 2C ), indicating that the increase in the percentage of cells expressing SA ␤-gal was not merely due to a decrease in overall cell number that may have occurred after cell death.
An immunoblot analysis also showed that exposure of the A549 cells to CSE caused a dose-dependent increase in the expression of p21 CIP1/WAF1/Sdi1 protein, a cyclin-dependent kinase inhibitor that mediates cellular senescence in many types of cells reflect the senescence properties of normal alveolar epithelial cells, we performed experiments using alveolar type II cells isolated from normal human lungs (HPAEpi cells). When exposed to CSE, HPAEpi cells also exhibited a flat, enlarged morphology ( Figure 4B ), an increase in SA ␤-gal activity ( Figure 4C ), and irreversible growth arrest ( Figure 4D ), suggesting that CS induces senescence of normal alveolar epithelial cells. Because CS contains reactive oxygen species (ROS) (20), we investigated whether various antioxidants would prevent the cellular senescence induced by CS. As shown in Figure 5A , the CS-induced expression of SA ␤-gal activity by A549 cells was significantly inhibited by NAC, suggesting that the CS-induced cellular senescence is mediated, at least in part, by oxidative stress. Removing the particle (i.e., tar) component from whole smoke partially reduced the expression of SA ␤-gal activity ( Figure 5B ), suggesting that constituents present in both the gas-phase and tar-phase components of CS have a capacity for inducing cellular senescence. Senescence of A549 cells was not induced by nicotine (10 Ϫ6 M), a major tar component of CS (data not shown).
CS Induces Alveolar Epithelial Senescence In Vivo
To determine whether CS also induces senescence of alveolar epithelial cells in vivo, mice were exposed to the smoke from 3 cigarettes for 1 h daily on Days 1-5 each week for 2 wk. Except for the alveolar macrophages, which are enriched with lysosomal ␤-galactosidase (21), the SA ␤-gal staining of alveolar epithelial cells was almost completely absent in the lungs of mice that were not exposed to CS (Figure 6A ), whereas alveolar epithelial cells that stained positive for SA ␤-gal activity were frequently observed in the lungs of mice exposed to CS for 2 wk ( Figure 6B ). The SA ␤-gal staining was most intense in the alveolar cuboidal epithelial cells in the alveolar corners, which were identified as type II cells both by their shape and location and by positive immunostaining for SP-A antigen ( Figure 6D ). Tissue sections were also stained for cellular accumulation of lipofuscin, another marker of cellular senescence (15, 22) . The Schmorl reaction showed that lipofuscin was accumulated in type II cells in the lungs of mice exposed to CS for 2 wk ( Figure 6L ), whereas lipofuscin was almost absent in the lungs of mice that were not exposed to CS ( Figure 6K ). Immunohistochemistry for p21 CIP1/WAF1/Sdi1 , a Figure 5 . Effect of antioxidants and removal of the particle component from whole smoke on CS-induced enhancement of SA ␤-gal activity. (A ) A549 cells were or were not exposed to 0.01 vol/vol% CSE for 36 h in the presence or absence of catalase (500 U/ml), ascorbic acid (500 M), and NAC (500 M). (B ) A549 cells were or were not exposed to 0.01 vol/vol% whole or gas-phase CSE for 36 h. *P Ͻ 0.05 versus cells exposed to whole CSE. † † P Ͻ 0.01 versus control cells not exposed to CSE. All data are means Ϯ SEM; n ϭ 4. senescence-associated, cyclin-dependent kinase inhibitor, showed overexpression of p21 CIP1/WAF1/Sdi1 protein in the lungs of mice exposed to CS ( Figure 6F ). The immunosignal was most intense in the cuboidal alveolar epithelial cells in the alveolar corners. These cells were identified as type II cells on the basis of their shape and location ( Figure 6F ) and by their positive immunostaining for SP-A antigen ( Figure 6H ). The p21 CIP1/WAF1/Sdi1 immunosignal appeared to be somewhat diffuse and was not localized to the nucleus of the type II cells. We believe that there are two possible explanations for this: first, p21 CIP1/WAF1/Sdi1 protein has recently been shown to be present in the cytoplasm as well as the nucleus (23) , and, second, CS may also induce p21 expression in endothelial cells and fibroblasts located in the alveolar wall, thereby perpetuating the presence of diffuse immunosignals. We found that replacement of anti-p21 CIP1/WAF1/Sdi1 antibody with the same concentration of control IgG showed no positive staining (Figures 6I and 6J ). An immunoblot analysis confirmed the immunohistochemical findings showing that p21 CIP1/WAF1/Sdi1 protein is overexpressed in the lungs of mice exposed to CS for 2 wk ( Figure 6M ). When the SA ␤-gal staining was analyzed semiquantitatively, mice exposed to CS showed a 5-fold increase in the incidence of type II cells positive for SA ␤-gal activity over the control mice ( Figure 7A) . Similarly, mice exposed to CS showed a 5-fold increase in the incidence of type II cells positive for lipofuscin accumulation over the control mice ( Figure 7B ). Furthermore, mice exposed to CS also showed a 4-fold increase in the incidence of type II cells positive for p21 CIP1/WAF1/Sdi1 protein ( Figure 7C ). These results suggest that CS induces senescence phenotypes in alveolar epithelial cells in vitro and in vivo.
Discussion
The results of this study demonstrate that sublethal concentrations of CS induce senescence phenotypes in alveolar epithelial cells both in vitro and in vivo. Previous studies have shown that CS has cytotoxic effects on alveolar epithelial cells (e.g., high concentrations of CS have been reported to ultimately cause the death of A549 cells by either apoptosis or necrosis) (24) . To the best of our knowledge, our study provides the first evidence that CS induces the senescence of alveolar epithelial cells at sublethal concentrations.
The mechanism by which CS induces the senescence of alveolar epithelial cells remains uncertain. In the present study, however, we found that the CS-induced senescence of alveolar epithelial cells was inhibited by the addition of the antioxidant NAC, suggesting that oxidative stress is involved in signaling pathways mediating the CS-induced senescence. In fact, CS is a rich source of ROS and ROS inducers, and ROS, particularly at low levels, has been shown to induce senescence in some types of cells. In the present study, however, the inhibition of the CS-induced senescence of alveolar epithelial cells by NAC was only partial, and other antioxidants, such as ascorbic acid and catalase, had no significant effect on the CS-induced senescence. We therefore suspect that mechanisms other than oxidative stress may also contribute to the CS-induced senescence of alveolar epithelial cells.
Our findings also show that the CS-induced senescence of alveolar epithelial cells is associated with the accumulation of p21 CIP1/WAF1/Sdi1 protein. Recent studies have shown that two families of cyclin-dependent kinase inhibitors (CKIs) are involved in the intracellular signaling pathways mediating cellular senescence (19 CIP1/WAF1/Sdi1 mRNA in those cells (25) . However, because the two families of CKIs have been shown to interact with each other, we cannot exclude the possibility that other members of the CKI families are also involved in the signaling pathway that mediates the CS-induced senescence of alveolar epithelial cells.
The first limitation of this study was that we used A549 cells, which are immortalized cancer cells that lack the proliferative controls found in nontransformed cells. However, we found that normal human alveolar epithelial cells exposed to CSE also exhibited senescence phenotypes, including SA ␤-galactosidase activity, a distinct, flat, and enlarged morphology, and irreversible growth inhibition. We also found that the alveolar epithelial cells of mice that inhaled CS showed an increase in SA ␤-gal activity, suggesting that the response of A549 cells to CS is not very different from that of normal alveolar epithelial cells.
The second limitation of this study was that we used a SA ␤-gal staining method to identify senescent cells in lung tissues. This method has been widely used by many investigators to identify senescent cells both in vitro and in vivo (4, 5, 18, (26) (27) (28) (29) . However, SA ␤-gal activity may not be specific for senescence in all tissues, as it may also represent the expression of normal endogenous lysosomal acid ␤-galactosidase, and may not distinguish senescent cells from quiescent or terminally differentiated cells (16, 30, 31) . Determination of telomere length by in situ hybridization would be an alternative method of detecting senescent cells in vivo, but it is not suitable for the detection of telomere-independent stress-induced senescence, which is presumably the case in CS exposure. In the present study, an enhanced level of lipofuscin accumulation in type II cells after CS exposure supports the results obtained by the SA ␤-gal staining method. However, because no absolute markers enabling specific identification of cellular senescence in vivo are yet available, we can not completely rule out the possibility that SA ␤-gal activity might also reflect cell conditions other than senescence.
The third limitation of this study arose from the CS exposure experiments. First, although in vitro exposure to CSE is a standard procedure, its relevance to the in vivo state remains unclear. Second, the CS exposure in vivo in the present study seemed to be very intense. Third, because mice are obligatory nasal breathers, some toxic products that would normally be inhaled by humans may have been deposited in the nasal passages of the mice. Although these limitations must be taken into account when interpreting the results of this study in relation to cigarette smokers, the results of the present study demonstrate that CS has the ability to induce senescence of alveolar epithelial cells.
Recent evidence indicates that pulmonary emphysema, an important cigarette-smoking-related disorder, is a dynamic disease associated with increased turnover of alveolar cells. For example, apoptosis of alveolar epithelial and endothelial cells has been shown to be enhanced in the lungs of patients with pulmonary emphysema (7, 32, 33) . To repair the alveolar architecture, the loss of alveolar cells resulting from apoptosis must be offset by proliferation of the remaining alveolar cells. In fact, we previously found that both the apoptosis and proliferation of alveolar epithelial cells are enhanced in emphysema patients, showing that the turnover of alveolar epithelial cells is elevated in emphysematous lungs as a result of recurrent epithelial death and proliferation (7) . The results of the present study show that CS induces the senescence of alveolar epithelial cells. The induction of senescence may prohibit epithelial cells from proliferating to repopulate the loss of epithelial cells resulting from apoptosis in emphysematous lungs.
Based on the above observations, we propose that cellular senescence may be involved in the CS-related pulmonary diseases associated with chronic epithelial damage. As shown by the results of the present study, cigarette smoking may induce the senescence of alveolar epithelial cells. In addition, the continuous proliferation of alveolar epithelial cells required to regenerate their loss as a result of apoptosis or necrosis accelerates telomere shortening, which in turn leads to the senescence of alveolar epithelial cells. When the alveolar epithelial cells reach the senescence stage, epithelial proliferation ceases, and the alveolar damage in cigarette smokers is no longer repaired. This model provides a plausible explanation for the chronic nature of CS-related pulmonary diseases, such as pulmonary emphysema and fibrosis, which evolve slowly over many years.
Recent studies have also shown that senescent cells produce higher levels of matrix metalloproteinases, such as collagenases and stromelysin, and profibrotic cytokines, such as interleukin-1␤ and transforming growth factor-␤, than those produced by normal cells (34) (35) (36) . Thus, the cellular senescence induced by CS may contribute not only to the failure of epithelial regeneration but also to inflammatory responses and tissue remodeling.
In conclusion, we found that CS induces senescence of alveolar epithelial cells both in vitro and in vivo. A more detailed characterization of cellular senescence in relation to cigarette smoking should shed light on the mechanism of CS-induced lung diseases.
